Laser interferometers may detect gravitational waves by sensing the strain in space produced by their passage. The resultant change in intensity of an interference fringe must be observable against a background noise due to the statistical fluctuations in the number of detected photons. Optimization of the detector sensitivity thus involves devising an optical system which both maximizes the signal and minimizes the noise. This is attempted in the various arrangements known collectively as light recycling. Here, the performance of these systems is quantitatively assessed. Standard or broadband recycling functions essentially by making efficient use of the available light, but it is shown that it may also be made to further enhance the sensitivity within a narrow bandwidth, becoming tuned recycling. This works, as do all the narrow-band variants, by arranging for both the laser light and a gravitational-wave-induced sideband to be resonant in the optical system. 
Recycling in laser-interferometric gravitational-wave detectors Brian l. Meers Department ofPhysics and Astronomy, Uni Uersity of Glasgow, Glasgow 612 8QQ, Scotland (Received 31 March 1988) Laser interferometers may detect gravitational waves by sensing the strain in space produced by their passage. The resultant change in intensity of an interference fringe must be observable against a background noise due to the statistical fluctuations in the number of detected photons. Optimization of the detector sensitivity thus involves devising an optical system which both maximizes the signal and minimizes the noise. This is attempted in the various arrangements known collectively as light recycling. Here, the performance of these systems is quantitatively assessed. Standard or broadband recycling functions essentially by making efficient use of the available light, but it is shown that it may also be made to further enhance the sensitivity within a narrow bandwidth, becoming tuned recycling. This works, as do all the narrow-band variants, by arranging for both the laser light and a gravitational-wave-induced sideband to be resonant in the optical system. The original narrow-band system, resonant recycling, can also be made broadband; the various sensitivity-bandwidth combinations, together with the tuning properties of such a system, are discussed. Furthermore, a new optical arrangement, dual recycling, is proposed. Its optical layout is an extension of standard recycling and its strength lies in its flexibility. It is shown that, relatively simply, it may be made into either a broadband or a narrow-band system, in each case with the same performance as the best of the other schemes. It may be tuned more efficiently and easily over a wide range of frequencies. Uniquely, optimum performance may be obtained with dual recycling without the requirement that the storage time of the optical elements in each arm of the interferometer be comparable with the period of the gravitational wave. This may allow the operation of delay line interferometers down to much lower gravitational-wave frequency and will provide great operational flexibility. Finally, it is shown that dual recycling, together with resonant recycling, is relatively insensitive to imperfections in the geometrical quality of the optical system. When implemented on interferometers with lengths greater than about a kilometer, recycling should allow the attainment of the sensitivity required in Fig. 1 (27) which is exactly the same as for resonant recycling. The bandwidth is the same, also. Similarly, it is possible to choose cavity storage times so that the sensitivity gain is somewhere between the maximum value (27) and the broadband value (12), with a bandwidth such that the gain-bandwidth product is constant.
A problem with tuned recycling is that it will be hard to ensure that the losses in the center cavity are negligible; it will only be possible to obtain the maximum sensitivity gain at low frequency, where the cavity losses are more important: So far, the discussion of dual recycling has concentrated on the case of single-pass delay lines in the arms of the Michelson interferometer.
It will work equally well, however, with either multipass delay lines or optical cavities. Such a choice has the advantage of reducing the significance of any losses at the beamsplitter. For a delay line with~, && -, '~b ut whose losses are greater than those at the beamsplitter, Eq. (34) holds with rl=l. If r, = -, 'rg, then both sidebands are resonant but the resultant phase change is reduced by n/2 due to the curvature of the amplitude phase diagram [ Fig. 3 (2 
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where~; ", is the integration time. Thus, when designing a detector, Shv' should be maximized. The optimum combination may be found using (42) and (43) 
